CCIPITOATLANTAL dislocation, a well-documented devastating injury, is usually fatal. 4 Atlantoaxial dislocation and OAD appear to share many similarities. In both cases, an enormous applied distractive energy pulls the head vertically. This energy separates the skull base from the atlas in the case of an OAD or widens the gap between the atlas and axis in the case of a vertical AAD.
Once the patient was clinically stable, he underwent occipitocervical fusion ( Fig. 2 upper right) . The occiput and atlas were fixated with transarticular screws that traversed from the C-1 lateral mass to the occipital condyle, in a divergent and rostral trajectory. 7, 9, 10 As described by Magerl, C1-2 transarticular screws were placed to treat the AAD injury. 2 Frameless stereotaxy and intraoperative CT scanning (Iso-C; Siemens Medical Solutions, Erlangen, Germany) were used to assist in the placement of the transarticular screws. After four screws were inserted, a new intraoperative CT scan was obtained to verify the trajectory of the screws. Tricortical autograft was harvested from the iliac crest. An H-shaped graft was carved and compressed between the suboccipital surface and C-2. Atlantal, axial, and occipital surfaces were decorticated using a pneumatic drill to facilitate fusion. Using a braided cable (Songer; Sofamor Danek, Memphis, TN) the bone graft was secured to the occipital bone through a tunnel drilled at the base of the occipital crest and running along the C-2 spinous process caudally. A second sublaminar wire was placed under the posterior arch of C-1 along the graft. The position of the screws and graft was verified on postoperative imaging ( Fig. 2 lower left and right) .
The patient's neurological status improved, and ultimately he was weaned from intracranial pressure monitoring and the endotracheal tube was extubated. He recovered from his head and spine injuries and was transferred to a rehabilitation facility outside the US where he is now ambulatory, according to his family. No further follow-up information is available.
Discussion
We have described two cases of CVJ trauma in which an obvious separation occurred between the atlas and occipital condyle and simultaneously between the atlas and axis, as reported by Traynelis and colleagues. 13 A sound knowledge of the ligamentous anatomy of the CVJ is needed to understand both injuries (Fig. 3) . The most important structures contributing to the stability of the CVJ are the tectorial membrane, and the apical, alar, and cruciate ligaments. 3 This complex ligamentous array keeps the atlas sandwiched between the occiput and axis. The cruciate ligament has two interwoven bands, one vertical and one horizontal. The horizontal band (transverse ligament) is inserted bilaterally in the medial aspects of the C-1 lateral masses and serves as a restraint to prevent posterior displacement of the odontoid process into the spinal canal. The vertical portion is inserted rostrally in the most caudal aspect of the clivus and caudally on the dorsal aspect of the C-2 vertebral body.
We hypothesize that during pure axial distraction of the CVJ, different types of injury will manifest depending on where the vertical portion of the cruciate ligament is disrupted (Fig. 4) . In both OAD or AAD, the transverse ligament is likely intact because in patients suffering these injuries, evidence of anteroposterior subluxation is seldom shown (Fig. 5) . If all vertically compressive ligaments (apical, alar, and tectorial membrane) and articular capsules are sectioned, and the vertical portion of the cruciate ligament is ruptured above the transverse ligament, the result should be OAD (Fig. 4B ). In the laboratory, ligaments in cadaveric specimens were intentionally cut in this pattern to represent OAD. 11 If the articular capsules between C-1 and C-2 and the vertical segment of the cruciate ligament inferior to the transverse ligament fail, distraction should occur at C1-2 (AAD) rather than the occipitoaxial junction (Fig. 4C ). 8 Our theory has not been validated and is not necessarily the only explanation for the differences in injury type.
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Dual screw fixation after occipitoatlantal trauma Another possibility is that the different injuries may occur because the ligaments at the two joints respond differently to different injurious loading rates. If so, OAD may be more prevalent at a high loading rate, whereas AAD might be more prevalent at a low loading rate or vice versa. A third possibility is that one injury occurs when the distraction vector is purely axial, whereas the other injury occurs when secondary forces are present. For example, an angled loading vector might somehow allow shielding of the ligamentous forces across one joint but not the other because of interactions of osseous articulations. In our laboratory, experiments are currently being performed to attempt to validate our injury model.
We have treated patients with isolated OAD 4,8 and isolated AAD. 6 The cases described in the present report involved a combined OAD and AAD injury. The injury in Case 1 was more severe than that in Case 2. We hypothesize that if the cruciate ligament is disrupted both above and below the transverse ligament and the articular capsules are injured, then a combined occipitoatlantal and atlantoaxial injury (OAD and AAD) will occur (Fig. 4D) .
In patients who survive OAD, AAD, or combined dislocation, rigid internal fixation is the treatment of choice. Wires, plates, and screws have been used in various combinations to achieve occipitoatlantal, atlantoaxial, or occipitoatlantoaxial fixation. 1, 11, 12 Wires and screws are used with a metal frame affixed to the subaxial spine by sublaminar wires, and screws are used to anchor the frame to the suboccipital surface. The applications of these techniques depend on the variable thickness of the occipital bone, the potential for penetrating the dura mater with the screws, eventual epidural bleeding, and the passage of wires beneath the laminae, which can provoke or worsen spinal compression. The instrumentation also often needs to be extended to the subaxial spine.
If an isolated AAD occurs without associated injuries (no OAD or fractures), C1-2 fusion alone is indicated; this involves either C1-2 transarticular screws 5 or C-1 lateral mass screws and C-2 pedicle screws interconnected with rods. In the case of an isolated OAD and no other superimposed injuries, the best treatment, physiopathologically, would be transarticular screw fixation of the compromised occipitoatlantal joint. [6] [7] [8] 10 Because of the continuity of the craniocervical ligaments that initiate from the occiput, pass C-1, and terminate at C-2, pure isolated OAD and AAD would be theoretically impossible. It is therefore important for the surgeon to scrutinize each case so as not to miss the presence of concomitant OAD during AAD and AAD during OAD. There are, however, documented cases of OAD in which the remaining ligaments across the C1-2 junction are adequate for clinical stability, 6 and there are also cases of AAD in which the remaining ligaments across the occipitoatlantal junction are adequate for clinical stability. 8 When introduced from the C-1 lateral mass under the sulcus arteriosus with a shallow trajectory that allows piercing of the occipital condyle, cannulated screws may potentially penetrate the hypoglossal canal. The use of intraoperative image guidance and preoperative evaluation of the CT scans can help prevent this. Extensive flexibility testing has been performed 7 to compare the transarticular screws with a standard fixation procedure (a loop attached to the suboccipital surface with screws and attached caudally to the subaxial spine with transarticular C1-2 screws). Transarticular screw fixation significantly reduces motion compared with the normal range as well as after severe instability during flexion-extension, lateral bending, and axial rotation. 7 This technique preserves the normal range of motion during axial rotation at C1-2. 7, 9 If C-1 is "loose" between the occipital condyles and C-2 (combined OAD and AAD), occipitocervical fixation is required. One should consider an alternative technique, such as placing bilateral transarticular screws from the occipital condyle to C-1 6, 7 in combination with bilateral C1-2 transarticular fixation (Magerl technique). 5, 8 Our Case 2 represents the first description of this construct (Fig. 2) . The construct pins the affected joints and apposes the fragments as soon as the screw pierces the joint because the screw creates a lag effect that provides immediate rigid fixation. Compromise of segments unaffected by the injury is thereby eliminated. The trajectory of these screws, which are distant from each other, is almost parallel. Anatomical feasibility of this fixation method was demonstrated (Fig. 6 ) and adequate bone purchase was therefore available for each screw as corroborated by preoperative CT scanning. Frameless stereotaxy and intraoperative CT scanning are helpful surgical adjuncts for placing transarticular screws.
Other techniques could be used for occipitoatlantoaxial fixation without involving segments below C-2, such as the construct created by an occipital loop connected to C1-2 transarticular screws. 7 We prefer to use transarticular occipital condyle-C1 screw fixation together with transarticular C1-2 screw fixation because of the theoretical advantages conferred by these combined constructs: they have a lower profile and the lag effect compresses the joints together. In this technique, the thickness of the occipital bone is irrelevant. Furthermore, there is no risk of creating potential cerebellar or epidural hematomas. Compression is thought to improve fusion rates. Although transarticular screws are known to be weakest during flexion and extension, the addition of wired-fixed posterior graft should overcome this weakness by serving as a buttress and tension band against sagittal-plane motion.
Conclusions
Based on these two cases, we hypothesize that vertical subluxation injuries at the CVJ (OAD, AAD, or both) share the same distractive mechanism, which tears the thick ligaments and causes severe instability. Fractures are seldom present, but the consequences are often lethal. The rostrocaudal location of the lesions is the critical factor in differentiating OAD from AAD. In such injuries, the unstable level should be stabilized without compromising unaffected adjacent levels. In one of our patients we implanted a dual construct of transarticular screws inserted along an almost parallel trajectory. This type of construct should be considered as an alternative to existing fixation systems.
